Background: Ethyl chloride (EC) or chloroethane is a colourless halogenated hydrocarbon gas regularly employed as a topical anaesthetic spray for pain-related injuries and muscle spasm in athletes. However, EC became also popular as a street drug in the 1980s. Brief inhalations of EC vapour can result in dizziness, euphoria, confusion, incoordination, hallucinosis, impairment of short-term memory and narcosis. Inhalation of higher doses, usually employed to "get high", may be related to severe depression of the central nervous system. Indeed, toxicity and deaths have been reported so far.
Background
Ethyl chloride (EC) or chloroethane is a flammable gas (b.p. 12°C) with a strong ether-like odour that has been used as a refrigerant, solvent and chemical intermediate. Originally, it was proposed as a general anaesthetic, filling the gap between the weaker narcotic nitrous oxide and the more powerful drugs ether and chloroform, but too much after-effects were reported (McCardie 1905) . Nowadays, it is employed therapeutically as a topical anaesthetic spray for the control of pain in athletic injuries and muscle spasm. Moreover, EC finds application into the piercing/ tattoo industry to cool the skin down in order to limit pain related to piercing or tattoo procedures (Torfaen County Borough, Code of practice Body Piercing n.d.). This compound had been used as a recreational popular street drug in 1980s, but recently, its engagement as inhalant drug in recreative sniffing to "get high" is gaining renewed popularity among young people also in light to its wide availability (Ethyl Chloride, or EC, is new off-the-shelf high n.d.;
Youths warned off sniffing 'deadly' new legal high Ethyl Chloride n.d.). For decades, volatile substances have been the least studied of misused substances because of low perception of social and health risks, high variability among products, and lack of attention in national and international research. These substances are highly volatile and are usually inhaled through nose and mouth, reaching rapidly the bloodstream and central nervous system. The type and pattern of substances abused vary. Among the volatile substances are aromatic hydrocarbons (e.g. toluene), halogenated compounds (e.g. ethyl chloride), ethers (e.g. diethyl ether), ketones (e.g. acetone) and alcohols. Inhalants produce different effects, temporary or permanent, depending on the chemical constituents, individual susceptibility, substance concentration and duration of exposure. Among volatiles, common effects include irritation of respiratory airways, impaired judgement, tremors, unsteady gait, blurred vision and memory impairment. Very high concentrations can produce anaesthesia, unconsciousness and even death (Cruz 2011) . Deaths occurring after drug inhalation are collectively defined "sudden sniffing deaths" and have been reported after recreational butane (Kramp et al. 2018 ), trichloroethylene (Da Broi et al. 2015) and butanepropane gas mixture (Romolo et al. 2017) inhalation.
EC is a volatile misused for recreational purposes. Cold liquid EC is usually sprayed into a towel or piece of cloth ad evaporating fumes are inhaled through the nose and the mouth. Inhaled EC vapour is rapidly excreted by the lungs and breath out; however, because of its high solubility, part of EC remains in the blood and total elimination from the body takes some time (Murray Lawson 1965) . Effects of EC exposure result in dizziness, euphoria, confusion, incoordination, hallucinosis, impairment of short-term memory and narcosis also for brief exposures at high concentrations (Baselt 2014) . Toxicological effects on humans were mostly studied from cases of occupational medicine, where EC is known to produce central nervous system depression at 40, 000 ppm (105.6 mg/L) and weak analgesia after 12 min at 19,000 ppm (50.4 mg/L) (Clayton and Clayton 1993-1994) . Acute mortality generally does not occur at exposure below 50,000 ppm (Tomei Torres and Keith 2016; Winek et al. 2001) . Chronic EC abuse has been also related to long-term severe neurological impairment, including hallucinations and ataxia. In particular, these latter effects have been reported in a subject inhaling EC two to three times per week over a 4-month period (IARC 1991) . Other studies reported impairment of liver function and leukocyte phagocytosis in chronic EC abusers, while animal studies demonstrated fetotoxic and carcinogenic effects (Kuthiah and Er 2019) . Although the pharmacokinetics of EC in human has not been investigated, experimental studies on mice confirm that EC is oxidatively dechlorinated in an NADPH-and O 2 -dependent reaction and P450-dependent metabolism, resulting in the formation of acetaldehyde (Fedtke et al. 1994a) or conjugated with glutathione (GSH) in a reaction catalysed by GSHS-transferases (Fedtke et al. 1994b ). Disregarding data from occupational exposure, which may represent situations far from illicit uses, forensic cases reporting EC concentrations on blood and tissues after recreational use are scarce in the literature. Indeed, very few old cases have been reported so far (Broussard et al. 2000; Yacoub et al. 1993) , hampering the forensic toxicologist in the diagnosis of EC intoxication. Recently, cases of acute reversible neurologic deficits on young adults due to voluntarily EC sniffing were studied (Al-Ajmi et al. 2018; Senussi and Chalise 2015) , although blood concentration values were not reported. Literature about fatal EC inhalation is scant and the most recent case reporting data on post-mortem tissue distribution is dated back almost 20 years ago (Broussard et al. 2000) . The paucity of toxicological data on this rare cause of death limit the forensic toxicologist interpretation and identification of fatal EC intoxications.
On these grounds, we describe a case of fatal intoxication due to EC sniffing, providing medico-legal considerations and toxicological findings on different tissues, contributing to the casuistic over the inhalant intoxications, which determination may be difficult if some precautions on sample collection and storage at the crime scene are missing.
Case presentation
A 40-year-old white male (height 178 cm, weight 71 kg, body mass index 22.4) was found dead in his bedroom. The entire flat was in order, with no signs of violence and all the premises closed. Leftovers from a meal were found in the kitchen. No suicide notes were found. The corpse held a rag loosely on his mouth. Four cans (two empty, two partially empty) containing EC and labelled as cryo-anaesthetic were found next to the body. Two more empty cans containing ethyl chloride were found in the trash basket in the bedroom. The cans and the rag were collected from the scene, and a fragment from the rag was cut and stored in a sealed 20 mL headspace vial. The body displayed no signs of trauma, and onsite samples of the blood and vitreous humour were collected and stored in sealed headspace vials as well. All samples were kept refrigerated (4°C) until analysis. An autopsy was performed the day after, and tissues from the brain and lung were also collected besides samples of central and peripheral blood.
Toxicological analysis
Ethyl chloride determination was performed by dynamic headspace gas chromatography coupled to mass spectrometry (GC-MS) coupled to thermal desorption extractor. Analytical parameters were from the method described in Kim et al. (2018) . Sample preparation consisted of the addition of 7 g sodium sulphate to 2 mL or 2 g of biological material placed in a 20-mL headspace. Single ion monitoring (SIM) acquisition mode was used for ions m/z 64, 49 and 28. Quantitation was done by external standard calibration. Samples were analysed in duplicate. Blood alcohol determination was performed by headspace gas chromatography coupled to flame ionization detector (HS-GC-FID) according to the method routinely used in the lab (sensitivity, expressed as limit of quantification 0.01 g/L). Traditional drugs of abuse (cocaine, morphine, codeine, cannabinoids, amphetamines/methamphetamines, ketamine and methadone) were searched by GC-MS on the blood (Bertol et al. 2018) . Benzodiazepine and tricyclic antidepressant determination in the blood was performed by liquid chromatography coupled to tandem mass spectrometry (LC-MS/MS) following the method reported in Zhang et al. (2018) .
Results
A forensic autopsy was performed one day later. Cadaveric dissection revealed nonspecific findings, such as slightly poly-visceral congestion, more evident in the brain and lungs. The coronaries and the myocardium were normal; white bubbly fluid in the bronchi and the parenchyma was detected. Integrating circumstantial data, including text messages on his smartphone with results of livor mortis, rigor mortis and rectal temperature evaluation, the post-mortem interval was determined between 12 and 24 h before inspection at the death scene. Anatomical sites for gaseous exposure sampling were suggested by the paper of Varlet et al. (2019) who very recently dealt with the forensic challenge of determining another anoxiant used for recreational sniffing, helium (He), in tissue samples. Helium, indeed, has been recognised as fatal anoxiant in recreative sniffing as well as in suicides, but ascribing the cause of death to this gas presented interpretative issues, if no circumstantial data (i.e. plastic bag) were retrieved. In fact, due to the He's very low affinity for biological samples, He diffusion easily occurs from the body. For this reason, the selection of sampling sites is of utmost importance in order to maximize the chances to highlight He presence in fatal cases. Varlet and colleagues investigated a number of cases of He intoxication, revealing the lung lobes, brain and cardiac areas are the best sites for determining He presence at highest concentrations. Therefore, on the base of this study, the lung, brain and blood samples were submitted for toxicological analysis in our case. Toxicological analyses were performed also on the rag (only volatile compounds) collected during site inspection and/or autopsy.
EC was detected in all analysed samples and on the rag (Table 1) . Peripheral blood concentrations (0.165 g/L) were slightly different from central blood concentration (0.203 g/L) collected during autopsy; however, the difference was not significant, since differences in concentrations between peripheral and central blood are very common in post-mortem toxicological analysis and may arise from different factors, such as post-mortem diffusion from adjacent tissues. The lung and brain samples showed EC concentration of 19 and 25 mg/kg, respectively. EC in the vitreous humour showed sensitively lower respect to blood (0.018 vs 0.203 g/L). Important differences in EC concentrations between the vitreous humour and other tissues were also observed according to Broussard et al. (Broussard et al. 2000) reporting a concentration of 0.012 g/L in the vitreous humour vs 0.423 g/L in the blood. This could be related to an unfavourable partition equilibrium in this district or to physical barriers that prevent gas diffusion. Unfortunately, literature on EC fatal exposures is scarce, and this interpretation of toxicological results is supported exclusively by the case reported by Broussard et al. Loss of ethyl chloride from collected samples was prevented by using tight-seal headspace vials; in fact, no important differences were observed between the results of blood collected at the crime scene (0.165 g/L) and at the autopsy (0.156 g/L) also because autopsy was promptly performed during the following day. In fact, in case of inhalant intoxication, it remains of utmost importance to safely collect and store the sampled material both during crime scene investigation and autopsy.
The search for other toxicants or volatiles in blood was negative, except for small quantities of ethanol (0.2 g/L), which hardly could contribute to the cause of death; it may even have been a consequence of early decomposition.
In consideration of (1) absence of any signs of trauma; (2) toxicological findings that confirm an exposure to ethyl chloride, as suggested by crime scene investigation; (3) negative for other toxicants such as drugs of abuse and pharmaceutical drugs; (4) no suicide notes left, death was attributed to a recreational overexposure to EC.
Conclusions
The death scene investigation immediately suggested to examine ethyl chloride's role in causing the death, confirming the importance of a correct and comprehensive crime scene investigation (Fais et al. 2017) . Considering the analysis of the crime scene, death seemed to occur accidentally and related to recreational abuse instead of a voluntary suicide or a homicide. Moreover, the retrieved empty cans in the trash basket strongly suggested a routine perpetration of EC inhalation. Indeed, the class of the inhalants is reported to be abused for recreational purposes by young male adults, and a review of cases has been proposed by Senussi and colleagues (Senussi and Chalise 2015) .
This case reminds the importance of a comprehensive investigation on the death scene, bearing in mind toxicological issues. A proper toxicological sampling and collection both on the crime scene and at the autopsy is mandatory especially in cases of fatal volatile intoxications in order to avoid volatile dispersion. The analysis of volatile compounds in biological matrices, in fact, usually faces some peculiar aspects to be taken in consideration such as the stability in biological specimens, proper sample conservation and redistribution issues in different body districts. In the reported case, samples were collected formerly 
on the crime scene, avoiding further time delays, and then at the autopsy, which was performed as soon as possible. Samples were then kept in tight seal vials refrigerated until analysis. Quali-quantitative toxicological analyses seemed mandatory also on non-biological samples retrieved along the death scene investigation. Moreover, also, other psychoactive substances should be investigated to avoid misinterpretation of the real cause of death. In the reported case, EC blood concentration (0.203 g/L) was suitable to produce central nervous system depression, which has been reported to be as low as 0.106 g/L (Clayton and Clayton [1993] [1994] . Certainly, the toxicological interpretation of these findings is hampered by the small number of reported cases in the literature. More in general, the lack of data on rare causes of death limit the forensic toxicologist to state with absolute certainty on this point. However, a proper integration of pathological and circumstantial findings may help on the reconstruction of the fatal event as demonstrated from the reported case.
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